The distribution of peroxisomes (microbodies) in the rat nephron was studied cytochemically, using glutaraldehyde-or formaldehyde-fixed tissue, by means of a-hydroxy acid oxidase activity in light microscopy of oxidation of 3 , 3'-diaminobenzidine (DAB) at pH 9 in both light and electron microscopy .The two cytochemical methods show peroxisomes to be nearly sperical particles found only in cells of the proximal convoluted tubule . Lysosomes were identified in the same or parallel sections, with ,Q-glycerophosphate or 5'-cytidylic acid as substrate . They are found in all cells of the nephron . These cytochemical methods visualize the two organelles for light microscopy ; they also permit unequivocal differentiation of all kidney peroxisomes from lysosomes in electron micrographs . Peroxisomes are larger and more reactive in the cells of the pars descendens (P 3 segment) of the proximal convolution, located in the outer medulla and medullary rays, than in the cells of the pars convoluta (P 1 and P 2 segments), situated in the cortex . In contrast, lysosomes are much smaller in the P 3 segment and larger and more reactive in the P 1 and P 2 segments . In all cells of the proximal convolution, peroxisomes tend to be concentrated nearer the base of the cells than do lysosomes . Mitochondria in P 3 cells also show low levels of DAB oxidation at pH 6, in contrast to those in P 1 and P 2 cells . The possibility is discussed that P 3 cells possess an extramitochondrial means of oxidation in which peroxisome oxidases play an important role .
INTRODUCTION
Previous studies of renal peroxisomes (or microbodies) have been either biochemical in nature (1, 2, 5, 6, 9, 10) or electron microscopic (11, 14, 15, 23, 33, 34, 35, 49, 62) . Biochemically, these organelles have been characterized as a distinct group of intracellular particles that : (a) sediment in sucrose density gradients at an equilibrium position more dense than that of lysosomes and mitochondria ; (b) behave as partial osmometers ; and (c) contain a population of distinctive oxidative enzymes . Electron microscopically, peroxisomes have been described as membrane-bounded bodies of moderate electron opacity, approximately 0 .5-1 .0 s in diameter (49) . When first studied in mouse kidney, no internal structure was described (49) . In rat kidney, Ericsson (11) and Maunsbach (35) have identified a relatively amorphous, slightly eccentric and slightly electron-opaque "core ." Trump and Ericsson (62) have also described tubular elements projecting from renal peroxisomes .
The fine structure of peroxisomes has been more completely studied in hepatocytes (see 10) . In these cells, the organelles are round to slightly elongate and contain a moderately electronopaque nucleoid or core (except in man) . The nucleoid of rat hepatic peroxisomes consists of a regular arrangement of stacked rods or tubules, suggestive of a crystalloid (5, 23, 25, 63) . Hepatic peroxisomes of other mammals and other vertebrates often show different types of nucleoids . Urate oxidase has been associated with the nucleoids in rat liver (24, 53, 63) .
Recently, enzymatic staining reactions have enabled visualization of peroxisomes in tissue sections prepared for light microscopic study (1, 2, 16, 22, 44, 45) and for electron microscopic study (44, 45) . These methods facilitate identification of these organelles in electron micrographs, and make possible a more adequate description of their distribution and character in various segments of the renal tubule . Their size and distribution may more readily be compared with those of other cellular organelles.
MATERIALS AND METHODS
Adult male rats (Holtzman strain), weighing approximately 200 g and maintained on a diet of Purina lab chow and water ad libitum, were used in these studies . Both kidneys were excised while the animal was under light ether or sodium pentobarbital anesthesia . Thin transsectional slices, less than 3 mm thick, were placed in either 3 % glutaraldehyde (Fisher Biological Grade 50'/',, solution) ; Fisher Scientific Company, Pittsburgh, Pa.) buffered with 0.1 M sodium cacodylate pH 7 .4 (50) for 6 hr at 4 ä C or in neutral 1% calcium-4% formaldehyde (3, 4) for 12-18 hr at 4 äC . Following fixation, the tissues were rinsed in 0 .1 M cacodylate buffer pH 7 .4, containing 0 .22 M sucrose, for at least 12 hr prior to use .
Light Microscopy
With the exception of procedure e below, in which cryostat-cut sections of briefly fixed (67) or unfixed tissue was used, frozen sections, 10 ß in thickness, were prepared from formaldehyde-fixed or glutaraldehydefixed tissue with a freezing microtome . These were incubated as free-floating sections at 37 äC in the following media : a . DAB oxidation medium at pH 9.0 of Novikoff and Goldfischer (44, 45) Following incubation, all sections were rinsed in distilled water. In media d through h, the sections were treated with dilute ammonium sulfide solution for visualizing the sites of reaction product . All sections were mounted in glycerogel .
Electron Microscopy 25-micra sections of selected areas of either cortex or outer medulla (see Fig. 1 ) of glutaraldehyde-fixed tissue were obtained with the Smith-Farquhar (Sorvall TC-2) tissue sectioner . Free-floating sections were incubated in reaction mixtures, as outlined above, but with the addition of 0 .22 M sucrose, for reaction sites of acid phosphatase, a-hydroxy acid oxidase, and DAB oxidation at pH 9 and pH 6. Following cytochemical incubation, the tissue was rinsed in 0.1 M cacodylate buffer pH 7 .4, containing 0 .22 M sucrose, and postfixed in osmium tetroxide (36), generally for 1 hr at room temperature . The tissue was dehydrated by quick changes in graded alcohols and propylene oxide and was embedded in Epon 812 modified from Luft (29) . Thin sections were cut with a Porter-Blum (Sorvall MT 1) ultramicrotome equipped with a diamond knife and were placed on 300-mesh uncoated copper grids . They were examined, either unstained or stained with lead (48) 
The results of the light microscopic cytochemical staining reactions found in selected parts of the male rat nephron are summarized in Table I .
Acid phosphatase-rich lysosomes are present in all cells of the nephron (Figs . 2 and 4) . In cells of P1 and P2 segments, they are abundant, large, highly active, and concentrated in the base of the cells (Fig . 4) . In P 3 cells, they are fewer in number and smaller than in Pl and P 2 cells ; they are generally more apically situated (Fig . 4) .
Peroxisomes show the same distribution whether 0, no reaction ; +, barely detectable reaction ; ++, light reaction ; +++, moderate reaction ; ++++, intense reaction . Parentheses indicate an equivocal result . FIGURE 2 10-µ frozen section of glutaraldehyde-fixed kidney, incubated in CMP medium for 10 min at 37°C . Reaction product is most concentrated in segments Pi and P 2 . At higher magnification, the reaction product is seen in lysosomes (see Fig . 4 ) . P3 cells have smaller and less reactive lysosomes than do PI and P2 cells (see Fig . 4 ) . At this magnification, the small and sparsely distributed lysosomes in other parts of the nephron are not visible . X 25 . where no distinction between P I and P 2 cells could be made . In PI and P 2 cells (Figs . 11 and 13 ), the brush border is of moderate length, the plasma membrane is highly infolded, and many of the mitochondria are elongate, are oriented perpendicularly to the base of the cells, and lie between the cytomembranes . Endoplasmic reticulum is sparse .
In P 3 cells (Figs . 10, 12, and 14) , the microvilli of the brush border are longer. Larger amounts of endoplasmic reticulum than in P I and P 2 cells are seen . Most mitochondria, but not all, are oval rather than elongate . They are distributed in all but the most apical portions of the cytoplasm without evident orientation . The basal infoldings of the plasma membrane are neither as evident nor as deep as in the P I , P2 cells .
In both P I and P 2 cells and P 3 cells there are some cytoplasmic dense bodies for which the identification as either peroxisome or lysosome is 5 06 THE JOURNAL OF CELL BIOLOGY . VOLUME 42, 1969 difficult to make in electron micrographs . However, by incubating sections for acid phosphatase activity, or for DAB oxidation at pH 9, or both, their identification is readily made . Acid phosphatase reaction product is coarsely granular, irregular, and highly electron opaque ; DAB oxidataion product is less electron opaque, homogeneous, and finely granular (Figs . 11 and 12 ) . Sections from tissue sections incubated first for acid phosphatase activity and then for DAB oxidation at pH 9 clearly demonstrate that all large cytoplasmic bodies, of all proximal convoluted tubule cells, which are not apical vacuoles or mitochondria are either lysosomes or peroxisomes (Figs . 11 and 12) .
The lysosomes in P I and P 2 cells are large and show a somewhat more apical distribution than do the peroxisomes (Fig . 11) . Lysosomes of P 3 cells are much smaller than the peroxisomes, fewer in number and more frequently seen near the Golgi apparatus (Fig . 12) . Acid phosphatase ac- (Fig . 15) . Rodlike DAB-positive profiles (Fig . 15) tion involved increasing the temperature to 37 ä C, performing the reaction at alkaline pH (8-9), and using greater concentrations of DAB and H 202 . Independently, Hirai (22) used the GrahamKarnovsky procedure to visualize peroxisomes in liver. The inhibition of the peroxisome reaction by 3-amino-1 ,2,4,triazole reported by Hirai (22) and Novikoff and Goldfischer (45) , and subsequently by Fahimi (17), as well as direct observations on catalase by Hirai (22), show catalase to be involved in DAB oxidation by peroxisomes . In contrast, mitochondrial oxidation of DAB is inhibited by cyanide (22, 45) . The reaction probably depends upon the cytochromes in these organelles .
In the present study, the light microscopic tetrazolium method was applied successfully, with both formaldehyde-and glutaraldehyde-fixed tissue (see references 1, 2 where only the former fixative was used) . Peroxisomes were visualized in all the cells of the proximal convoluted tubule and were concentrated in the basal half of the cells . These results are in agreement with the report of Maunsbach (35) who used fluorescence and phasecontrast microscopy in his studies, and with that of Ericsson and Trump (15) who studied toluidine blue-stained, Epon-embedded sections, but do not agree with the earlier reports (1, 2) in which peroxisomes were described only in P 3 cells. The failure to see them in P I and P 2 cells previously may reflect better preservation of the organelles by glutaraldehyde, greater sensitivity of the cytochemical method, and longer incubation times .
The identical staining pattern of peroxisomes shown by a-hydroxy acid oxidase and DAB oxidation procedures (light microscopy) and the 508 observation that all peroxisomes oxidize DAB (electron microscopy) virtually eliminate the possibility that renal peroxisomes are heterogeneous with regard to these two oxidative activities . By incubating sections for both acid phosphatase and DAB oxidation, it is shown that all large cytoplasmic bodies which are not mitochondria are either peroxisomes or lysosomes . This is true as well of rat liver hepatocytes (44) .
It has been suggested (16, 21, 46, 63) that peroxisomes of hepatocytes form from expanded regions of endoplasmic reticulum . Ericsson and coworkers (11, 62) suggested the possible continuity of the peroxisome projections with the endoplasmic reticulum (ER) in kidney . The absence of DAB reaction product in endoplasmic reticulum of the neonatal (Beard, unpublished) as well as the adult kidney may indicate that, if continuities of ER with renal peroxisomes exist, the level of catalase or other DAB oxidant in the ER is too low to be detected by the DAB pH 9 procedure .
The peroxisome core seen by us in incubated material does not appear to be darker than the dense core present in unincubated osmium tetroxide-fixed material (11, 35, 63) . It is possible that the cores demonstrated in osmium tetroxide-fixed tissue and in glutaraldehyde-fixed, DAB-incubated tissue correspond, and that the material or structure in this central region does not oxidize DAB . It is possible that the lack of DAB reaction product in the center of microbodies reflects limited penetration of DAB into the organelle ; however, this seems unlikely . The significance of the linear or clustered arrangement of many peroxisomes and FIGURE 9 Portion of a PI or P2 cell is shown . 25-ß nonfrozen section of glutaraldehydefixed kidney incubated in DAB medium pH 6 for 60 min at 37 äC . The thin section was not stained . The mitochondria (Mt) are long and oriented perpendicularly to the base of the cells . Reaction product is present in the cristae (arrows) . A light deposit of reaction product is present in the peroxisomes (P) . Other labeled structures (unstained) are : basement membrane (BM), lysosome (L), brush border (BB) . A glutaraldehyde-fixation artifact is readily recognizable at A . Inset: Shows DAB reaction product in outer and inner mitochondrial membranes (arrow) including the cristae . X 73,000 .
FIGURE 10 A portion of a P3 cell is shown . Tissue treated as in Fig. 9 . The thin section was not stained . The mitochondria (Mt), most of which are elliptical or circular in outline rather than long, show less reaction product than mitochondria of PI and P2 cells (see Fig . 9 ) . Most cristae (long arrow) are lightly stained or unstained . Peroxisomes (P) are moderately stained. Other labeled structures (unstained) are basement membrane (BM), brush border (BB), endoplasmic reticulum (ER, short arrow), and nucleus (N) . X 15,000 .
THE JOURNAL OF CELL BIOLOGY . VOLUME 42, 1969 FIGURE 11 Portions of two PI or P2 cells are shown . 25-µ nonfrozen section of glutaraldehyde-fixed kidney incubated in CMP medium for 12 min at 37°C, followed by incubation in DAB medium pH 9 for 60 min at 37°C . Thin section stained with lead . Coarse, irregular deposits of lead phosphate are concentrated in large lysosomes (L), most of which are located in the basal portion of the cells. Small lead phosphate deposits surrounding the lysosomes probably have resulted from diffusion of the reaction product (or possibly enzyme) from the organelles. The more homogeneous DAB reaction product is localized in peroxisomes (P) . Generally, an eccentric region in the peroxisomes (long arrow) shows little, if any, reaction product . The peroxisomes are usually smaller than the largest lysosomes in the P1 and P2 cells . A few mitochondria (Mt) show reaction product in cristae (short arrow) . Basement membrane (BM) . X 11,500 . their concentration in the base of the cells is unclear.
This study focuses attention upon the cells in the P 3 segment of the proximal convolution . These cells have an abundance of large peroxisomes with high levels of catalase, a-hydroxy acid oxidase, and presumably of n-amino acid oxidase . In contrast, their mitochondria are smaller and unoriented when compared with those of P, and P 2 cells, and apparently have considerably lower levels of cytochromes, and other metalloproteins which might oxidize DAB (see reference 51) . The mitochondria of P3 cells stain lightly with the DAB pH 6 medium ; they give a marked response to the addition of cytochrome c to the medium (as do 5 1 0 THE JOURNAL OF CELL BIOLOGY • VOLUME 42, 1969 the mitochondria in Henle's loop, and in P, and P 2 cells) ; and they stain more lightly than those of P, and P2 cells when sections are incubated for either succinate tetrazolium reductase or NADH 2-tetrazolium reductase activities (Table I ; see references 52 and 54) . These observations suggest that P3 cells have low levels of succinic dehydrogenase and NADH 2-cytochrome c reductase activities and possibly of cytochromes . They suggest further that P3 cells utilize a different mode of oxidative metabolism than do cells elsewhere in the nephron . Peroxisomes are implicated in an extramitochondrial regeneration of cytoplasmic NADH 2 in Tetrah)'mena pyriformis (37) . Peroxisome enzyme activity in this organism is increased FIGURE 12 Portions of two P3 cells are shown . Tissue treated as in Fig. 11 . Thin section stained with lead. The coarse lead phosphate deposits mark lysosomes (L) . The lysosomes are smaller and more apical than in PI and P2 cells (see Fig . 11 ) . Lead phosphate is also seen in Golgi saccules (G) and has been observed in GERL (not illustrated) . The small lead phosphate deposits in the brush border (BB) may be diffusion artefact, or may reflect the presence of other phosphatases . The DAB reaction product marks the peroxisomes (P) . Note the lighter, slightly eccentric inner areas (arrow) . Peroxisomes appear circular or slightly irregular, and most of them are situated more basally than most lysosomes . A linear arrangement of peroxisomes is commonly seen in some regions ; this is more evident in P1 or P2 cells (see Fig .  13 ) . No reaction product is found in the Initochondria (Mt), nuclei (N), and basement membrane (BM) . X 6,800 . when normal oxidation is suppressed and glyconeogenesis is induced (27) . In mammals, peroxisomes have been identified only in tissues in which glyconeogenesis occurs, i .e . liver and kidney (9, 10) . Organelles of the size of mammalian peroxisomes and containing a similar complement of enzymes have been identified in plants (61) . Tolbert et al . (61) suggest that peroxisomes are involved in an oxidative process (photo-respiration) different from mitochondrial oxidation .
Other differences between P 3 cells and P, and P2 cells are the less numerous and much less deep basal infoldings of the plasma membrane in P 3 cells ; the somewhat higher alkaline phosphatase activity (26, 28, 64) and lower nucleosidephosphatase activity (41) of the brush border ; smaller and more apical lysosomes ; and stronger staining for endoplasmc reticulum-associated nucleoside diphosphatase (see Novikoff et al . [43] for an association of this enzyme activity and cells possessing glucuronyl transferase activity implicated in transport and secretion of conjugated glucuronides) . Previous studies (7, 8, 13, 19, 20, 30, 31, 35, (38) (39) (40) (53) (54) (55) (56) (57) (58) (59) (60) indicate that resportion of glucose and large protein molecules occurs to a much lesser extent in the P 3 segment than in PI and P2 segments . The manner in which cytological differences between the P 3 and P1 , P2 cells are cor-M. E. BEARD Fig . 13 . Thin section stained with lead . Heavy reaction product is present at the periphery of the numerous peroxisomes (P) and only occasionally in the cristae (arrow) of some mitochondria (MI) (compare with Fig . 13 for differences in mitochondrial length) . Peroxisomes of this segment often occur in clusters (see Fig . 12 ) . No reaction product is present in basement membrane (BM), endoplasmic reticulum (ER), and nucleus (N) . X 20,000 .
Foto . 15 Portion of a Pl or P2 cell is seen. Tissue treated as in Fig . 13 . Thin section stained with lead . DAB reaction product is concentrated at the periphery of peroxisomes (P) . Irregular profiles and tubular extensions (Pr) of peroxisomes are shown . Some extensions appear isolated (short arrow) from peroxisomes, probably because the central portion of the organelle lies outside the plane of the thin section . Reaction product is seen in cristae (long arrows) of mitochondria (Mt) (see Fig. 13 ) . The endoplasmic reticulum (ER) and nucleus (N) show no reaction product . X 28,000 . 
